Introduction {#S0001}
============

Nearly 22,000 women are diagnosed with ovarian cancer (OC) annually in the US, with up to 70% of the patients dying from the disease .^[1](#CIT0001)^ As early detection is nearly impossible, most of the cases are diagnosed at advanced stage when tumor cells are already disseminated throughout the peritoneal cavity, often accompanied by malignant ascites .^[2](#CIT0002)^ At this stage, the disease is highly heterogeneous with metastases lesions offering a mutational load that differs in magnitude and content from the one in the primary site .^[3](#CIT0003)^ For these patients, chemotherapy and targeted therapy are rarely curative. With a five years survival rate lower than 30%, ^[4](#CIT0004)^ there is an unmet need for improving upon current targeted therapeutic and immunotherapeutic approaches. On this note, the utilization of murine models of OC can offer a precise *in vivo* system to study, develop and test experimental therapeutics.

T cells are the main effectors of the adaptive immune responses to cancer and have been used in the clinic for targeting tumor cells through adoptive T cell therapy (ACT). ACT requires the isolation of T cells from the host followed by *ex-vivo* expansion and reinfusion into the patient. The approach of creating neoantigen-specific T cells has been successfully used in clinical trials for melanoma^[5](#CIT0005),[6](#CIT0006)^ and neoantigen reactive CD8 ^+^ T cells were identified in patients with non-small cell lung cancer and

positively correlated with response to checkpoint inhibition therapy.^[7](#CIT0007),[8](#CIT0008)^ Although a number of immunotherapies have been tested in ovarian cancer,^[9](#CIT0009)--[13](#CIT0013)^ T cell therapy is in its infancy and only recently investigators started to elucidate the importance of the mutational profile for OC patients. While it has been suggested that the modest mutational load in OC impedes efficient immunotherapies, ^[14](#CIT0014)^ recent reports indicate that T cells from OC patients recognize mutated antigens^[15](#CIT0015)^ and infiltrating lymphocytes define an immune landscape consistent with positive prognosis in OC patients,^[16](#CIT0016)--[18](#CIT0018)^ suggesting the presence of a tumor-specific immune infiltrate.

Patient derived xenografts (PDX) elegantly recapitulate primary tumor behavior closely mirroring therapeutic response and resistance, however, while they can model *in vivo* the effect of chemotherapy and targeted therapy, their utility in profiling the response to immunotherapy is limited due to the lack of a functional immune system.^[19](#CIT0019),[20](#CIT0020)^ To circumvent this hurdle, humanized models have been proposed by transplanting CD34^+^ cells in mice to reconstruct hematopoietic lineages, and consequently, a functional immune system.^[21](#CIT0021)^ Although appealing to immunotherapy-based studies, this approach remains cumbersome as it depends upon availability of autologous human hematopoietic stem cells (HSCs), which are collected from the bone marrow, and growth factors used for HSCs expansion can also promote tumor revascularization, ^[22](#CIT0022)^ thus altering the effect of the administered therapies. These challenges indicate that there are well-defined technical and biological limitations in profiling anti-tumor immune responses *in vivo* that so far limited the ability to perform well-rounded immunotherapeutic studies in patient-derived models.

In lieu of these findings, in this proof of concept study we demonstrate that PDXs generated from an OC tumor contain mutational antigens, or neoantigens, inherited from the primary site, that are recognized by autologous T cells. By utilizing *in silico, in vitro* and *in vivo* approaches we profiled the primary OC tumor, PDXs and neoantigen-specific T cells, demonstrating that OC neoantigens, conserved in the PDX samples, promote a potent autologous oligoclonal T cell response.

Results {#S0002}
=======

Ovarian cancer PDXs maintain the patient's mutational and functional profiles {#S0002-S2001}
-----------------------------------------------------------------------------

A tumor biopsy from an ovarian cancer patient at Roswell Park was used to establish a patient derived xenograft (PDX) model to be used for molecular profiling. The original tumor was processed and grafted subcutaneously in immunodeficient mice (indicated as P0 passage), and the resulting tumor masses were surgically excised, processed and re-grafted in tumor naïve immunodeficient mice (indicated as P1). The tumor mutational load was evaluated via whole exome sequencing (WES) (**Figure S1A**) and analyzed utilizing three different variant callers (see Material and Methods). We identified a total of 372, 975 and 1029 mutations in the primary tumor, P0 and P1 PDX passages, respectively ([Figure 1A](#F0001)); the increased mutational load in PDX tumors was observed in other PDX models, ^[23](#CIT0023)--[26](#CIT0026)^ moreover, we hypothesize that it is caused by relief from immune selection, present in the patient but absent in immunocompromised mice, which therefore allows for the expansion of mutated clones. We then used the variant allele frequency (VAF) of 123 shared single nucleotide variants (SNVs) to identify clusters of SNVs to infer tumor evolution *in vivo* ([Figure 1B](#F0001)). Using Pearson correlation, we identified three main clusters containing: mutations with increased VAF *in vivo* (cluster 1, red, n = 40), mutations with constant VAF *in vivo* (cluster 2, blue, n = 69) and mutations with reduced VAF *in vivo* (cluster 3, green, n = 14) ([Figure 1C--D](#F0001)). Differences in VAF between the primary tumor and P0 and P1 in cluster 1 and 3 were significant (ANOVA with post-hoc Tukey correction, **Table S1**), while no significant changes were observed between P0 and P1 or in any condition in cluster 2 ([Figure 1D](#F0001)). We then investigated the relatedness of the three tumors at the functional level. We performed whole transcriptome analysis via RNASeq and evaluated pathway activation via single10.1080/2162402X.2019.1586042-F0001Figure 1.**Mutational landscape in primary tumor and PDXs. a)** Barplot indicating the number of mutations in the different samples. **b)** Venn diagram showing the unique and common mutations in primary and PDX samples. **c)** Line plot showing the changes in the variant allele frequency (VAF) of mutations common between the primary, P0 and P1 tumors. Colors indicate the mutational cluster calculated via Pearson correlation. Red (cluster 1), blue (cluster 2) and green (cluster 3). **d)** Boxplot showing the changes in variant allele frequency (VAF) within each sample across the clusters. Highlighted in colors are the clusters and from left to right each cluster shows VAF for primary (Pr), P0 and P1. (\*, p \< 0.05, \*\*\*, p \< 0.001, ns = non significant).

sample gene set enrichment analysis (ssGSEA). The three samples showed a strong positive correlation across the quantified functional profiles ([Figure 2A](#F0002)). Interestingly, the most highly enriched pathways by enrichment score are related to immune functions such as MHC Class I antigen processing, cytokine signaling, immune system and metabolism of proteins and mRNA ([Figure 2B](#F0002)), with the tumors retaining HLA-A, HLA-B and HLA-C expression over time ([Figure 2C](#F0002)). Lastly, the PDX tumors maintained a constant expression of a panel of 110 transporter associated with antigen processing (TAP) genes ([Figure 2D--E](#F0002)**, File S1**), demonstrating that the status of the antigen presenting machinery was conserved.10.1080/2162402X.2019.1586042-F0002Figure 2.**Functional enrichment analysis of the primary and PDX samples. a)** Correlation plot of the ssGSEA normalized enrichment scores (NES) across the samples. **b)** Heatmap representing the top and bottom enriched pathways scored by ssGSEA. **c)** Barplot showing the expression of HLA molecules (HLA-A, HLA-B and HLA-C) across the samples. **d)** 3D scatter plot of the expression levels of 110 TAP-related genes showing strong correlation across samples. **e)** Heatmap showing the correlation coefficient of the TAP processing genes across all samples.

Overall these results suggest that, while the changes in clonality observed could be the results of the tumor being challenged by the murine microenvironment, tumors still maintain the same functional profiles present in the primary sample.

Autologous T cells recognize tumor antigens {#S0002-S2002}
-------------------------------------------

Of the 975 SNVs in P0, 183 were nonsynonymous mutations ([Figure 3A](#F0003)**, File S2**) and were utilized to derive the amino acid sequences of mutated (MUT) peptides, or neoantigens, and wild type (WT) counterpart. Since a key step for antigen recognition is the presentation by the HLA complex onto the surface of antigen presenting cells (APC), where T cells will recognize the antigen(s), MUT and WT peptides were then fetched to NetMHC to predict binding affinity to the patient's HLAs. Results show that 28 MUT peptides had a predicted affinity for the HLA lower than 500 nM (**Table S2**). These peptides were ranked based on the specificity of the neoantigens over WT peptides ([Figure 3B](#F0003)) and selected for *in vitro* testing. In order to validate the ability of neoantigens to bind and activate T cells, patient's autologous CD8 ^+^ T cells were isolated from PBMCs and cocultured with either WT or mutated peptide-stimulated APCs prior to evaluating IFNγ production via ELISA. Six out of the 30 peptides stimulated higher IFNγ production in CD8 ^+^ T cells co-cultured with the mutated peptides when compared with the WT peptides ([Figure 4A](#F0004)). We further characterized T cell activation via flow cytometry using the CD137/41BB activation marker .^[27](#CIT0027)--[29](#CIT0029)^ Six samples had higher CD8^+^/CD137^+^ T cells upon stimulation with neoantigens when compared with the WT peptides ([Figure 4B--C](#F0004)) and no cross activation of CD4^+^ T cells^[30](#CIT0030)^ was observed (**Figure S2**). We then evaluated the presence of the six reactive neoantigenic mutations in the primary tumor and the P1 PDX passage. All six mutations were detected in the P1 passage and three out of six (in the NAV1, TRO and CLEC10A genes) were also present in the primary tumor ([Table 1](#T0001)). Two of the mutations in the primary tumor (NAV1 and TRO) were initially detected only by one caller and following manual review of the raw mutation calls, they were also present in a second caller and therefore included in the analysis. The lack of three of the mutations in the primary tumor could be caused by the sequenced and grafted chunks not coming from the very same specimen although coming from the same patient. To better understand the evolution of the three mutations common across all samples we investigated what SNV cluster they belong to. All three mutations are members of cluster 1, showing increased VAF in the PDXs compared to the primary tumor ([Figure 4D](#F0004)), suggesting that clones with these three mutations acquired a proliferative and adaptive advantage *in vivo*.10.1080/2162402X.2019.1586042-T0001Table 1.Sequence analysis of P0 and P1 tumors showing the same neoantigenic mutations being detected in the two passages in NSG mouse models. \*, detected only by one caller.ID MuTP0P1PrimaryGenePeptide 1/2xx\* SSC4DPeptide 8xxxNAV1Peptide 9xxxTROPeptide 17xxxCLEC10APeptide 20/23xx DDX60LPeptide 24xx OR51B410.1080/2162402X.2019.1586042-F0003Figure 3.**Mutational load in P0 tumors. a)** Total number of single nucleotide variants (SNVs) identified in our PDX model (973 total), highlighting the total number of non-synonymous mutations (184). **b)** Predicted HLA binding affinity in nM of potential neoantigens compared to the wild type peptides. Predictions were obtained using NetMHCpan 4.0.10.1080/2162402X.2019.1586042-F0004Figure 4.**Neoantigen recognition by autologous T cells *in-vitro*. a)** Ratio of IFN-γ production in patient's T cells at different time points upon coculture with mutated (MUT) or WT peptide-stimulated autologous APCs. Y axis indicates the ratio IFN-γ Mut(pg/ml)/IFN-γ WT(pg/ml) measured via ELISA. Peptides with a ratio \> 1 are highlighted in red boxes and utilized for subsequent experiments. ND = no IFN-γ production detected. **b)** Flow cytometry analysis of CD137 ^+^ T cells expressed as percent of activated CD8 ^+^ T cells after overnight stimulation with 10 µm mutated (MUT) or WT peptides. **c)** Flow plots of CD137^+^/CD8 ^+^ T cells in response to coculture with APC pulsed with mutated (MUT) or WT peptides. **d)** Line plot showing the changes in variant allele frequency of the six neoantigenic mutations common across the primary, P0 and P1 tumors. Orange lines represent mutations present in all samples, black dotted mutations indicate those present in P0 and P1 but absent (VAF = 0) in the primary tumor.

Peptide-pulsed autologous T cells mediate immune response in vivo {#S0002-S2003}
-----------------------------------------------------------------

Since patient's autologous T cells can recognize tumor-derived neoantigens with high specificity *in-vitro*, we sought to evaluate whether autologous T cells can also be activated by peptides contained in tumor lysate. CD8^+^ T cells-depleted antigen presenting cells (APCs) were pulsed with tumor lysate from P0 and cocultured with patient's autologous CD8^+^ T cells or HLA-A2^+^ T cells from healthy donors, as negative control, prior analysis via flow cytometry. Results show a significant increase in the percentage of CD8^+^/CD137^+^ and IFN-γ producing lymphocytes in response to exposure to tumor lysate, while healthy donor's T cells fail to activate ([Figure 5A--B](#F0005)). These results indicate that ovarian PDX tumors retain the tumor antigenic and neoantigenic moieties recognized by patient's autologous T cells.10.1080/2162402X.2019.1586042-F0005Figure 5.**T cell response to neoantigens *in vivo*. a)** Flow plot of CD137^+^/CD8^+^ T cells (top) and IFNγ^+^/CD8 ^+^ T cells (bottom) after coculturing patient's T cells with tumor lysate from P0 (right side), no lysate (left side) or P0 tumor lysate incubated with HLA-A2+ healthy donor's PBMCs (Negative control). **b)** Barplot showing the percentage of CD137^+^/CD8^+^ T cells (left) and IFN©+/CD8 ^+^ T cells (right) stimulated by tumor lysate (\*, p \< 0.05; \*\*, p \< 0.01, ANOVA with Tukey post-hoc correction). **c)** Flow plot showing CD3 ^+^ T cells in the blood two weeks after ACT with peptide naïve T cells (ACT NP) or T cells stimulated with a cocktail of mutated peptides (ACT Mut). **d)** Quantification of the CD3 ^+^ T cells in the blood two weeks post ACT. \*, p \< 0.05 (Student's t-test). **e)** Growth curve of subcutaneous tumors in mice that received ACT using T cells primed with neoantigens (red line, ACT NP) or no peptide (black line, ACT Mut). (\*, p \< 0.05; ANOVA with Tukey post-hoc correction).

To evaluate whether peptide-pulsed PBMCs have anti-tumor effect *in-vivo*, we utilized the established PDXs as models for adoptive T cell therapy (ACT). Subcutaneously grafted mice received ACT when tumor reached 50 mm3 in volume using autologous PBMCs stimulated with the pool of immunogenic neoantigens or no peptides. Two weeks post-ACT we evaluated the presence of CD3^+^ lymphocytes in the mouse blood and found that mice that received ACT with neoantigen-stimulated PBMCs had higher blood levels of CD3^+^ cells than the no peptide group ([Figure 5C--D](#F0005)). Furthermore, tumor growth was significantly delayed in mice that received ACT with neoantigen-pulsed PBMCs ([Figure 5E](#F0005)). At the end point, we analyzed CD3^+^ infiltration in the tumor and blood. Results show a modest, although significant, increase in CD3^+^ cells in the tumor (**Figure S3**) but no significant differences across the groups in the blood (data not shown).

TCR profile of neoantigen recognizing T cells {#S0002-S2004}
---------------------------------------------

To evaluate whether the response observed *in vitro* and *in vivo* is driven by clonal or oligoclonal T cell activation, we profiled the TCR repertoire at the single cell level. APCs were pulsed with the two neoantigens that demonstrated the strongest T cell activation *in-vitro* (peptides 9 and 17) and cocultured with patient's autologous T cells, followed by cell sorting selecting activated T cells, as per CD8^+^/CD137^+^ expression (**Figure S4**), and deep sequencing. Since multiple clonotypes were identified per each neoantigen, we hypothesized that in an oligoclonal response the TCRs that recognize neoantigens with high specificity will be detected at higher frequency and will present common traits, different from those detected at low frequency and indicative of background noise. We therefore investigated neoantigen specificity by separating highly represented CDR3 clonotypes (HIGH frequency) from clonotypes present in only one cell (LOW frequency). The two groups of sequences were used to generate motifs ([Figure 6A--B](#F0006)) that were compared to assess potential differences in amino acid motifs. Results show a significant difference between the most and least frequent clonotypes ([Figure 6C--D](#F0006)) indicating that multiple TCR clonotypes recognized the same neoantigen and expanded upon epitope recognition.10.1080/2162402X.2019.1586042-F0006Figure 6.**Motif analysis of TCR expanded by neoantigens. a)** Sequence motifs of the CDR3 regions for the most frequent clones (HIGH) and the least frequent ones (LOW) expanded upon coculture with APC stimulated by neoantigen 9 or neoantigen 17 **(b). c)** DiffLogo analysis showing the differences between the HIGH and LOW motifs for TCR specific for neoantigen 9 or 17 **(b)**. The x-axis indicates the antigen position, the y-axis indicates the difference (as JS divergence) between the two different motifs. Asterisks indicate locations that are significantly different between the HIGH and LOW motifs.

Discussion {#S0003}
==========

Patient derived xenograft (PDX) models are a powerful tool in cancer research and offer unique insights into tumor behavior *in vivo*. In this manuscript we investigated the persistence of neoantigenic moieties in a PDX model derived from an ovarian cancer patient, and their recognition by patient's autologous T cells. While a limitation of this study is the utilization of samples from a single patient, we offer a deep *in silico, in vitro* and *in vivo* characterization of this model as proof of concept that ovarian cancer PDXs can be used for neoantigen research. Whole exome sequencing analyses demonstrate that while tumors evolve *in vivo* they still contain private and shared non-synonymous mutations that give rise to immunogenic neoantigens, a subset of which is directly inherited from the primary tumor. Liu et al. established intraperitoneal PDX models of OC that have close macroscopic and molecular resemblances with the primary samples .^[31](#CIT0031)^ Sequencing analysis of two of these PDXs showed a close overlap with one sample (86/82 mutations) but smaller overlap in the second PDX (61/82 mutations), suggesting that albeit changes in the mutational load, OC PDXs are faithful models of patient-derived tumor cells. Differences in mutational load between primary and PDX tumors were also observed in melanoma, lung, gastric and pancreatic cancer studies .^[23](#CIT0023)--[26](#CIT0026)^ Lung PDXs presented a higher mutational load in the PDX compared to the primary tumor and although retaining a high percentage of the initial mutations, the variant allele frequency of a subset of the SNVs in the PDX was increased,^[23](#CIT0023)^ mirroring the behavior of the mutations within cluster 1 in our study. In order to optimize the genetic resemblances between the primary and grafted samples, Xie et al. evaluated the mutational load of PDXs established following rapid autopsies from patients with pancreatic adenocarcinoma.^[25](#CIT0025)^ While PDXs retained a high percentage of the mutations in the primary samples, the overlap was still not complete and variant allele frequency was heterogeneous across samples, with a trend of higher frequency in PDX samples.^[25](#CIT0025)^ This observation too is in line with our results. We also hypothesize that the lower mutational burden observed in the primary tumor is due to the immune selection that prevents neoantigenic clones to expand in the patient. Once the tumor is passaged in immunocompromised mice, immune selection is lost, therefore allowing for growth and expansion of the clones containing mutations in the SSC4D, DDX60L and OR51B4 genes. This hypothesis is corroborated further by the activation of patients autologous T cells by the neoantigens residing in those three genes, demonstrating pre-existing immunity against peptides 1/2 (SSC4D), 20/23 (DDX60L) and 24 (OR51B4).

In our study, the mutational cluster with the higher number of mutations was cluster 2 (n = 69), which comprises SNVs with conserved variant allele frequency, indicating strong conservation between primary and PDX tumors. Moreover, the functional congruency between the samples was demonstrated further by leveraging whole transcriptome data, which revealed a strong positive correlation of pathway enrichment values across the samples. Interestingly, the top enriched pathways are immune-related, suggesting an active antigen presenting machinery, maintained by the expression of HLA and TAP processing genes.

Previous studies showed how private somatic mutations have been successfully exploited as neoantigens to develop immunotherapies in metastatic melanoma and lung cancers, ^[5](#CIT0005),[8](#CIT0008),[32](#CIT0032)^ suggesting that genetic alterations that are not over-represented across a population are clinically useful for personalized T cell therapy. Although ovarian cancer is considered to have an overall low mutational load, ^[14](#CIT0014),[33](#CIT0033)^ we identified multiple nonsynonymous SNVs that ultimately formed immunogenic neoantigens. Autologous patient's T cells are uniquely stimulated by neoantigenic peptides and can be activated by tumor lysate *in vitro*, highlighting a pre-existing anti-tumor immunity. Furthermore, experiments with PDX mice suggest that ACT with neoantigens-stimulated PBMCs can be utilized to mediate tumor growth inhibition *in vivo*. Although we were limited by the number of patient's PBMCs available, which limited the number of mice we could use, we still observed a significant reduction in tumor growth, suggesting that T cells targeting mutated peptides can be recognized by neoantigen-primed T cells, which can effectively home to the tumor site and kill cancer cells. While these tumors did not grow intraperitoneally (data not shown), this subcutaneous PDX model retained a modest vascular structure, which likely contributes to T cells homing to the tumor and favors tumor antigen recognition by T cells (**Figure S6**). In the attempt to dissect the components of the observed neoantigen-specific T cell response, we profiled the TCR repertoire at the single cell level and performed computational analyses that revealed TCR sequence specificity driving an oligoclonal T cell response. The elegant multiplicity of TCRs recognizing shared antigens was previously reported^[34](#CIT0034)--[37](#CIT0037)^ and here we demonstrate an oligoclonal CD8^+^/CD137^+^ T cell response against two shared neoantigens, 9 and 17, defined by epitope-specific CDR3 motifs. These results demonstrate that this ovarian cancer patient already possessed the necessary T cells repertoire to mediate antitumor immunity *in-vitro* and *in-vivo*. Consequently, a potential clinical intervention for this patient could focus on exploiting neoantigen-specific ACT in combination with PD1/PDL-1 or CTLA4 blockade to maximize the anti-tumor response and establish a strong and long-lasting tumor control. Currently, immunotherapy in OC is very preliminary and a number FDA approved targeted therapies are used in the clinic, including Olaparib and Bevacizumab to inhibit PARP^[38](#CIT0038)--[40](#CIT0040)^ and VEGF, ^[41](#CIT0041)--[43](#CIT0043)^ respectively. Although there is an initial objective clinical response in patients who received targeted therapy, these approaches are not fully curative and patients develop resistance^[44](#CIT0044),[45](#CIT0045)^ or trade off a reduced quality of life.^[43](#CIT0043)^ Here we report a personalized immunotherapeutic approach to ovarian cancer that exploits the patient's own mutanome to mediate antitumor immunity, suggesting that neoantigen-based immunotherapy can be a viable clinical intervention for patients who fail to respond to conventional chemotherapy and targeted therapy.

Overall, this is a proof of concept study highlighting the opportunity of exploiting the pre-existing T cell repertoire in ovarian cancer patients to target the tumor's genomic alterations and maximize the potentials of a positive clinical outcome.

Material and methods {#S0004}
====================

Mice and establishment of patient derived xenograft (PDX) {#S0004-S2001}
---------------------------------------------------------

NOD Scid gamma (NSG) mice, which lack of B cells, T cells, NK cells and complement, were obtained from an in-house bred of Jackson Lab strain (NOD.Cg-*Prkdcscid Il2rgtm1Wjl*/SzJ). Patient derived xenograft (PDX) tumors were established by grafting subcutaneously (SQ) tumor cells obtained from a primary tumor of one ovarian cancer patient at Roswell Park Comprehensive Cancer Center. For all passages, tumor cells (3 x 106/mouse) were grafted SQ in in 20% matrigel (Corning, \#354234) and monitored weekly. The first passage in the mouse is defined as P0 and other passages are counted incrementally. Tumors were digested using tumor dissociation kit (Miltenyi Biotech, 130--096--730) as per manufacturing instructions and red blood cells were lysed by incubation with 0.8% Ammonium chloride solution (STEMCELL technologies, 07800) for 10 min on ice. Cells were further washed twice with 1XPBS before being engrafted SQ in P2 mice using 20% matrigel. The presence of the immunogenic mutations was tested via WES.

Whole exome sequencing and variant calls {#S0004-S2002}
----------------------------------------

DNA was isolated using the Gentra Puregene Tissue kit (Qiagen, 158667). DNA libraries for whole exome sequencing (WES) were prepared with the Illumina True Seq library kit (Illumina) and sequencing runs completed on the Illumina HiSeq 2500 platform at the Roswell Park Cancer Institute (RPCI) Genomic Shared Resources (GSR). Post QC, raw reads were mapped to the hg38 human reference genome utilizing the Burrows-Wheeler Aligner (BWA)^[46](#CIT0046)^ with the following parameters: bwa mem -t 12 -M hg38.fa WES_R1.fastq.gz WES_R2.fastq.gz \> BWA.sam. Since both murine and human sequences were detected, we identified ambiguous reads by aligning reads to the murine mm10 genome and then removed from the analyses reads that had unique high-quality matches and zero mismatches to mm10 and not to hg38. To overcome problems caused by artifacts from library preparation and sequencing, results were filtered with the Picard tool (Broad Institute) to create read groups and mark and remove mapped duplicate reads. Output files from both RNASeq and WES were analyzed using three different algorithms for variant calls: MuTect, ^[47](#CIT0047)^ Bambino^[48](#CIT0048)^ and Strelka .^[49](#CIT0049)^ The code used for those tools are reported in the supplementary_coding.txt file. SNVs identified from two or more callers were sued for further analyses. SNVs were annotated with SnpEff ^[50](#CIT0050)^ and nonsynonymous SNVs that cause a deleterious amino acid change in the final protein product were retained. Per each variant detected we then calculated the variant allele frequency (VAF), intended as the frequency of reads that detected variant nucleotides within the total number of reads. This metric is used to identify clusters of mutations using Pearson's.^[51](#CIT0051),[52](#CIT0052),[53](#CIT0053)^

RNA sequencing {#S0004-S2003}
--------------

Whole transcriptome sequencing was run on the primary, P0 and P1 passages. RNA libraries (TruSeq RNA Library Prep kit, Illumina) were prepared and ran on the Illumina HiSeq 2500 by the RPCI GSR. Post QC, samples were aligned to the human reference genome and transcripts per million (TPM) reads were obtained with Kallisto .^[54](#CIT0054)^ Gene level counts were obtained using the tximport package^[55](#CIT0055)^ in R .^[56](#CIT0056)^

Immunogenicity prediction {#S0004-S2004}
-------------------------

HLA type was predicted from NGS data using HLAminer .^[57](#CIT0057)^ The 25- mer sequences were queried to identify immunogenic 8--11mers using NetMHC v4.0 .^[58](#CIT0058)^ Top ranking mutated peptides with affinity from NetMHC \< 500 nM and higher immunogenicity than the WT sequence were further filtered based on expression levels from RNASeq (TPM \> 1). Lastly, results were blasted to exclude cross reactivity with germline peptides. Mutated peptides that do not have significant overlap with germline sequences (Evalue \> 0.05, identity \< 100%) were used for *in-vitro* testing. **Neoantigen validation in-vitro**: The ability of T cells to recognize neoepitopes was evaluated by coculturing peptide pulsed autologous antigen presenting cells (APCs) and T cells and by subsequent analysis of IFNγ production via ELISA. Peptides corresponding to the predicted immunogenic neoantigens were purchased from Peptide2.0 and reconstituted following the manufacturer's instructions. CD8 *+ *T cells were isolated from PBMCs using magnetic beads (Invitrogen, 11333D) and CD8 negative fraction of autologous PBMCs were used as APCs and plated at the concentration of 5 × 10^4^ cells/well in a 96 well/plate, pulsed with WT or mutated peptides at a concentration of 10 uM in X-vivo media (Lonza, 04--418Q) overnight (12--14 h) at 37oC. Target cells were washed and resuspended in RPMI 1640 (Gibco,11875--093) supplemented with 5% human serum (Gemini Bio-products, 100--512), IL-2 (Roche, 11147528001) (10 U/ml) and IL-7 (R and D systems, 207-IL) (5 ng/ml) and immediately cocultured with CD8 + T cells at a ratio of 1:5. After 48 h, culture supernatant was collected at regular intervals and IFN-g measured by ELISA by the Immune Analyses Facility at Roswell Park Cancer Institute. At the end of 19th day of coculture, CD8^+^ T cells were re-stimulated with mutated of WT peptide and after 24 hours, expression of T cell activation marker, 4--1BB/CD137 (eBioscience, 12--1379--42) was assessed by flow cytometry at the Flow and Image Cytometry Core facility at Roswell Park. Briefly, cells were pelleted, washed and resuspended in appropriate antibodies (CD8a:Biolegend, 301032, Biolegend, 317306, CD4/OKT4: Biolegend, 317416) for 20 min in the dark at 4oC. Cells were washed with FACS buffer (1X PBS (pH 7.4) with 2% FBS) and resuspended in FACS buffer before acquiring on BD LSRIIA flow cytometer. Flow cytometry data was analyzed using the FlowJo software. Mutated peptides with a ratio IFNγ-mutated/IFNγ-WT \> 1 and higher CD8^+^/CD137+ population than the WT peptide were deemed immunogenic.

Adoptive T cell transfer (ACT) in-vivo {#S0004-S2005}
--------------------------------------

ACT was performed when tumors reached approximately 50 mm3 by injecting intravenously (IV) T cells stimulated *in-vitro* with 10 µM of the mutated or WT peptides. Briefly, PBMCs from the patient were washed and incubated with a cocktail of immunogenic mutated peptides at 10 µM/sample overnight (12--14 h) at 37^o^C, 5% CO2 and expanded using OKT3 (50 ng/ml) (CD3/OKT3: eBioscience, 16--0037--85) for 48 hours. After expansion, cells were washed and resuspended in AIM V (Gibco, 0870112DK) supplemented with 5% human serum (Gemini Bio- products, 100--512) and IL-2 (Roche, 11147528001) (100 U/ml) for 12 days. Before ACT, cells pulsed mutated peptide were restimulated overnight (12--14 h). Cells were then washed and 5 × 106 cells/mouse were injected intravenously. Mice were divided in two treatment groups: 1) ACT with PBMCs stimulated with the MUT peptides, 2) ACT with peptide-naïve PBMCs. Tumors were monitored weekly via caliper measurements and volume was calculated using the following formula: *\[(dim(short))2\]\*\[(dim(long))2\]\*0.5324*. Statistical difference in tumor size between the groups was calculated using ANOVA with post-hoc correction and a significance threshold of 0.05.

Generation of PDX tumor lysate {#S0004-S2006}
------------------------------

Tumor lysate from PDX mice was prepared with 5 cycles of freeze-taw. The protein concentration in the supernatant was determined using pierce BCA protein assay kit (ThermoScientific, 23225) and 60 µg of lysate was used to stimulate the patient's APCs in X-Vivo media for overnight 12--14 hours and next day cocultured with patient CD8 ^+^ T cells, or HLA-A2^+^ healthy donors T cells, for seven days. T cells were restimulated 24 hours before subjected to analysis of T cell activation markers, CD137 and IFN-, by flow cytometry.

Flow cytometry analysis {#S0004-S2007}
-----------------------

After ACT, T cells were analyzed in the circulation after 2 and 4 weeks post ACT whereas infiltration of T cells to the tumor site was examined at end point. Briefly 200 µl of blood was collected in EDTA collection tubes from retro-orbital sinus of each mouse and RBCs were lysed using 0.8% ammonium chloride solution. Cells were washed twice and incubated with appropriate antibodies before being acquired by flow cytometry for analysis of T cells in the circulation of PDX model. For T cell analysis at the tumor site, tumor samples were digested using tumor dissociation kit and RBCs were lysed if required. The cells were incubated with appropriate antibodies for analysis by flow cytometry.

TCR sequencing {#S0004-S2008}
--------------

TCR Sequencing was done by the SUNY University of Buffalo Genomics core utilizing the 10X Genomics platform. Briefly: Raw data were analyzed with the CellRanger Software (10X Genomics) to produce high-confidence, cellular contigs. Contigs with 'NA' in the CDR3 column and/or 'FALSE' in the 'productive' column were removed. The latter is a binary value predicting whether the transcript translates to a protein with a CDR3 region. Four TCRβ clonotypes were identical between the two experiments and were removed from both datasets due to potential contamination error. Frequency of all TCRβ clonotypes was counted adjusting for duplicate cell barcodes with the same clonotypes, so as to not double-count clonotypes. Clonotypes were then separated into 'high' frequency if their cell count was n ≥ 3 and 'low' frequency if their cell count was n = 1. For experiment 9, the number of sequences in the high set was 13, and in the low set 43. For experiment 17 the number of sequences in the high set was 5, and in the low set 26. Since CDR3 sequences contain variable insertions and deletions, we used the gapped motif discovery GLAM2 (Gapped Local Alignment of Motifs)^[59](#CIT0059)^ to identify motifs in the high and low clonotype sets for each experiment, respectively. GLAM2 was run on the MEME Suite webserver (v.5.0.1)^[60](#CIT0060)^ with default settings. The highest-scoring motifs were selected for each experiment and high/low set of CDR3 sequences. The small number (*n* = 5) of sequences in the low 9 experiment resulted in a low top score for the GLAM2 alignment. To ensure that this score was significant, we ran 100 trials of GLAM2 using randomly permuted low 9 sequences. We estimated the probability density function (PDF) of the resulting distribution of scores using kernel density estimation. For the kernel density estimation, the R function *stats::density* was used with bandwidth set to 'bw.SJ', the Sheather-Jones bandwidth estimator^[61](#CIT0061)^ and remaining default parameters. The estimated PDF of the permuted set of low 9 sequences is overlayed over a density histogram of the GLAM2 scores from the randomized sequences in **Figure S5**. Note that the distribution density falls to 0 before the GLAM2 score reaches 30, indicating that the estimated GLAM2 score of the low 9 experiment (34.70) does not come from the distribution estimated to represent the random scores. Motifs for the high and low clonotypes were aligned and compared in each experiment using DiffLogo .^[62](#CIT0062)^ For the alignment, the first and last four amino acids were held fixed, since they represent the highest scoring locations for significant motifs using an ungapped analysis as follows. In order to ascertain subregions of the sequences that were most conserved between each other, we used the MEME (Multiple EM for Motif Elicitation) algorithm^[63](#CIT0063)^ on each of the high and low clonotype sequences in experiments 19 and 9, respectively. The MEME Suite webserver (v.5.0.1) was used to run the MEME algorithm with parameters 'Site Distribution' set to 'Any number of repetitions', a minimum motif width of 4, and the remainder of the parameters set to default. The results for the top two MEME motifs for each set of sequences is shown in Figures. The low sets for each experiment show a top motif with the last four amino acids of the sequences providing the highest information content, and a second motif with the first four amino acids providing the highest information content. The high sets only have one significant motif (the top motif for experiment 19), but they show the same amino acid locations (first and last four) as being maximally conserved between the sequences. We thus chose to hold those constants during our alignment of the high and low motifs that were generated by the GLAM2 algorithm. Results for DiffLogo are shown only in the amino acid locations For the alignment, the first and last four amino acids were held fixed, since they represent the highest scoring locations for significant motifs using an ungapped analysis that are aligned.
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